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a  b  s  t  r  a  c  t
Novel  mesoporous  silica  sheets  with  surface  amino-functional  groups  (sheet-NH2) were  prepared  for  the
efﬁcient  adsorption  of aqueous  metal  ions.  The  sheet-NH2 were  synthesized  by a  dual-templating  pro-
cess  using  Pluronic  P123  and  N-palmitoyl-l-alanine  as  templates.  Two  silicone  regents  were  used to  form
the  silica  framework:  tetraethoxysilane  and  3-aminopropyltriethoxysilane.  In the  synthetic  process,  the
as-prepared  silicate  was  reﬂuxed  in  ethanol  to remove  the  organic  templates  remaining  from  the  sur-
face  amino  groups  derived  from  APTES.  The prepared  sheet-NH2 showed  widths  of  several  micrometres
and  small  thicknesses  of approximately  50  nm.  The  pore  diameter,  pore  volume  and  BET  surface  area
of sheet-NH2 were  determined  by nitrogen  adsorption–desorption  isotherms  to  be 3.1 nm,  0.73  cm3 g−1
and  189.9  m2 g−1, respectively.  TEM,  XRD,  FT-IR  and  TG–DTA  analysis  demonstrated  that  the  sheet  mate-
rial  had  a disordered  mesoporous  structure  and  contained  organic  chains.  The  adsorptions  of  aqueousdsorption zinc(II)  and  copper(II)  metal  ions  were examined  and  compared  with  amino-functionalized  conventional
mesoporous  silica  (MCM-NH2),  calcined  mesoporous  silica  sheets  and  silica  beads  with  no  porous  struc-
tures. Notably,  the sheet-NH2 exhibited  the  highest  adsorption  of  both  zinc  and  copper  ions  among  the
examined  materials.  In addition,  the  metal  ion  sorption  equilibrium  data  of sheet-NH2 were  ﬁtted  to  the
Langmuir  isotherm  model.
© 2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by. Introduction
Nowadays, the removal of heavy metal ions from aqueous
olutions is one of the major problems for the treatment of indus-
rial efﬂuent because heavy metal ions in rivers and subterranean
aters are largely toxic to animals, plants and human beings, even
t low concentrations. The metal pollutants are disembogued from
 variety of industries including mining, metal plating, textile reﬁn-
ng and production, electric device manufacturing, painting and so
n [1–3]. The major types of heavy metal ion contamination are
opper, chrome, mercury, zinc, nickel and cadmium. The World
ealth Organization gives a value of 2.0 mg/L as the maximum
opper concentration acceptable in drinking water [4,5]. Excess
opper ion consumption can cause acute gastrointestinal effects
nd increase the environmental risks in humans. Heavy metals∗ Corresponding author. Tel.: +81 52 736 7551; fax: +81 52 736 7405.
E-mail addresses: kazuma-nakanishi@aist.go.jp (K. Nakanishi),
atsuya-kato@aist.go.jp (K. Kato).
1 Tel.: +81 59 231 9428; fax: +81 59 231 9430.
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
ttp://dx.doi.org/10.1016/j.jascer.2014.10.011Elsevier  B.V.  All  rights  reserved.
in waste waters are also signiﬁcant resources for society. There-
fore, it is very important to develop effective strategies for the
removal of metal ions from water and industrial efﬂuents, and
researchers have paid considerable attention to this problem. Many
techniques have been reported for the removal of metal ions; these
include chemical precipitation, ion exchange, electrode deposition,
various adsorbing materials and biological methods [6–8]. In this
study, we focus on adsorption by inorganic materials, which is a
widely used technique due to its simplicity and relatively low cost.
Various materials including activated carbon, graphenes, zeolites,
polymers, metal oxides, ﬂy ash, cellulose, and silica materials are
effective for the adsorption of metal ions [9–17].
Porous materials can adsorb metal ions, various molecules and
nanoparticles on their surfaces. Kuroda et al. [18] ﬁrst reported
the successful development of mesoporous silica (MPS) in 1990,
and the sol–gel preparation method was reported by Mobil Co.
researchers in 1992 [19]. MPS  is a silicon-based material in which
the extremely high-surface area and large pore volume impart suf-
ﬁcient adsorption capacity. Moreover, MPS  possesses beneﬁcial
characteristics including controllable pore size (2–50 nm), high-
thermal stability, chemical stability, controllable composition and
various porous structures such as two- and three-dimensional
hexagonal, cubic and spherical structures [20–22]. MPS can be
tion and hosting by Elsevier B.V. All rights reserved.
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urther surface functionalized by organic silane coupling agents.
he optimization of the structure and surface characteristics of MPS
acilitates its use as an adsorption material. For example, MCM-41,
hich is surface functionalized with glycidoxy groups, exhibited
nhanced binding efﬁciency and stability as a protein carrier in
ntibody puriﬁcation chromatography [23]. Organo-functionalized
PS  fabricated for biosensors enhances the catalytic activity and
tability of immobilized enzymes [24,25]. These types of MPSs are
ften used as metal ion adsorption materials. Mureseanu et al.
26] further demonstrated the use of amino- and salicylaldehyde-
unctionalized SBA-15 for heavy metal ion adsorption. Kang et al.
27] reported the noble metal ion (Pt2+ and Pd2+)-selective adsorp-
ion using thiol-functionalized SBA-15. There is evidence that the
rgano-functionalization of MPS  positively affects its adsorbent
roperties; however, the preparation process is complicated and
xpensive.
In our previous communication, enzymatic activity was
mproved by immobilization on an MPS  sheet [28]. As an adsor-
ent, MPS  with sheet structure has the possibility to enhance the
mount of adsorption of various metal ions. However, very few
tudies on the synthetic procedure for these materials have been
eported [29].
In the preparation process of the MPS  sheet, we focused
n the silica sources: tetraethoxysilane (TEOS) and 3-
minopropyltriethoxysilane (APTES). Calcination during the
ormation of the silicate framework removes not only organic
emplates but also the aminopropyl group from APTES. The silica
roduct was then reﬂuxed with excess ethanol to remove the
rganic templates. Wan  et al. [30] reported that the amount
f extracted organic template depended on the reﬂux time in
thanol. High-adsorption capacities for various metal ions have
een reported for amino-functionalized materials. Yoshitake et al.
31] used mono-, di- and tri-amino-functionalized MCM-41 and
BA-1 to remove chromate and arsenate ions from water. Aguado
t al. [32] reported three types of aminopropyl-functionalized
BA-15 for Cu(II), Ni(II), Pb(II), Cd(II) and Zn(II) adsorption. Huang
nd Chen [33] demonstrated the adsorption of Cu(II) and Cr(II)
ons by an amino-functionalized magnetic Fe3O4 nano-adsorbent.
In this study, MPS  sheets with aminopropyl groups (sheet-NH2)
ere prepared by the co-condensation method, and their ability
o absorb copper and zinc ions was investigated. We  focused on
he morphology and surface characteristics of the adsorbents. For
omparison with amino-functionalized MPS, conventional MCM-
H2 was prepared by similar synthetic conditions as those used to
repare the sheet-NH2. The metal ion adsorption ability between
heet-NH2, calcined mesoporous silica sheets (sheet-cal), commer-
ially available silica beads and MCM-NH2 was compared, and the
esults were evaluated using the Langmuir and Freundlich isotherm
odels.
To the best of our knowledge, there are no reports on surface
rgano-functionalized MPS  sheets. The purpose of this work is to
etermine the applicability of MPS  sheets as a new technology for
he removal of metal ions from water.
. Experimental
.1. Materials
Palmitoyl chloride, l-alanine, cetyltrimethylammonium chlo-
ide (CTAC), copper(II) acetate monohydrate, zinc acetate, acetone,
odium hydroxide and hydrochloric acid were purchased from
ako Pure Chemical Industries, Japan. Triblock copolymer Pluronic
123 (EO20PO70EO20; Mn  ca. 5800 g mol−1) was obtained from
igma–Aldrich, St. Louis, MO.  TEOS and APTES were purchased
rom Shin-Etsu Chemical Co., Japan. NanoTekTM silicon oxide wasramic Societies 3 (2015) 70–76 71
obtained from C. I. KASEI Co., Japan. Metallo Assay LS (for copper,
CU03M; for zinc, ZN01M) was  supplied from Metallogenics Co.,
Japan. All other chemicals were analytical grade and used without
further puriﬁcation.
2.2. Preparation of mesoporous silica
According to our previous report, mesoporous amino silica
sheets (sheet-NH2) were synthesized using a dual-templating
approach [28]. One of the templates, N-palmitoyl-l-alanine (C16-
l-Ala), was prepared from palmitoyl chloride and l-alanine.
Subsequently, 3.1 g of C16-l-Ala (9.5 × 10−4 mol) and 0.30 g of P123
(5.2 × 10−5 mol) were dissolved in 2.8 × 10−2 M sodium hydroxide
aqueous solution (pH 12.5). After partial neutralization (pH 10)
with 0.1 M HCl, 7.0 mmol  of TEOS and 1.6 mmol of APTES were
added to the mixture and stirred at 4 ◦C for 3 h. The reaction mixture
was aged for 24 h at 25 ◦C and treated hydrothermally for 24 h at
100 ◦C. The resulting precipitate was reﬂuxed in 200 mL of ethanol
for 2 days to remove the templates. The molar ratio of the product
was: C16-l-Ala/P123/TEOS/APTES = 18.3/1/135.6/24.4.
Mesoporous amino silica (MCM-NH2) was synthesized by the
following process. CTAC (2.6 g) was  dissolved in an aqueous HCl
solution (pH 0.5) followed by the addition of 1.46 g of TEOS
(7.0 mmol) and 0.28 g of APTES (1.6 mmol). After stirring for 5 h,
3.0 mL  of ammonia (14.7 M)  was  added to the reaction mixture.
After another 24 h of stirring, the mixture was centrifuged at
6000 rpm. The resulting precipitate was  washed repeatedly with
water and reﬂuxed for 2 days with 200 mL  of ethanol including 2 mL
of conc. HCl to remove the template. The MCM-NH2 sample was
collected by centrifugation and washed with water and ethanol.
2.3. Characterization
The morphologies of the prepared MPS  materials were ana-
lysed using ﬁeld emission scanning electron microscopy (FE-SEM;
S4300, Hitachi, Japan) at an accelerating voltage of 10 kV and
transmission electron microscopy (TEM; JEM 2010, JEOL, Japan)
at an operating voltage of 200 kV. Small-angle X-ray diffrac-
tometry (XRD) patterns (RINT2100V/PC, Rigaku, Japan) were
collected using Fe-K radiation operated at 40 kV and 30 mA.
The Brunauer–Emmett–Teller (BET) speciﬁc surface areas and
pore volumes of the samples were determined using nitrogen
adsorption–desorption isotherms, and the pore size distribution
curves were acquired by the Barret–Joyner–Halenda (BJH) method
using a TriStar 3000 Micromeritics analyser (Shimadzu, Japan).
Fourier transform-infrared spectra (FT-IR) were obtained using a
MFT-2000 (Jasco Co., Japan). FT-IR peaks were analysed in the
wavenumber range of 400–4000 cm−1 using a pellet made by 99%
KBr and 1% sample. Thermogravimetry (TG) and differential ther-
mal  analysis (DTA) were performed on a Thermo Plus TG 8120
(Rigaku, Japan). The sample surface potential (zeta potential) in
deionized H2O was  measured by a zeta potential and particle size
analyser (ELS-Z, Otsuka Electronics Co., Japan).
2.4. Adsorption of metal ions on mesoporous silica materials
Zinc acetate solution (1 mL;  10–150 g/mL, pH 5.6) and cop-
per(II) acetate solution (1 mL;  5–120 g/mL, pH 5.4) were added
to 2 mg  of MPS  materials (sheet-NH2 and MCM-NH2), respectively.
After 3 days of stirring at room temperature, the metal ion adsor-
bate was separated by centrifugation at a speed of 12,000 rpm at
4 ◦C. To measure the amount of adsorbed metal ion on the sil-
ica materials, the UV intensity of the supernatant was analysed
using the Metallo Assay LS. Zinc ion was determined by UV–vis
absorbance (V-560, JASCO Co., Japan) at 560 nm,  and copper ion was
7 ian Ceramic Societies 3 (2015) 70–76
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Fig. 1. Structures of organic templates and silica sources used in this study. (a)2 K. Nakanishi et al. / Journal of As
etermined by a microplate reader (Wallac Arvo SX 1420 Multilabel
ounter, Perkin Elmer, Inc., Waltham, MA)  at 595 nm.
. Results and discussion
.1. Characterization of mesoporous silica materials
MPS  sheets were prepared using dual organic templates (N-
almitoyl-l-alanine and Pluronic P123), and silica frames were
ormed using TEOS and APTES as silica sources (Fig. 1). The dual-
emplating surfactants had a role in determining the structural
orphology of the sheet material, and the ratio of TEOS to APTES
as a factor in determining the silica morphology [28].
FE-SEM images of sheet-NH2 and MCM-NH2 are shown in Fig. 2.
he thickness and width of sheet-NH2 are approximately 50 nm and
–2 m,  respectively (Figs. 2a and b and S1). These results indi-
ate that sheet silica materials with nano-sized thicknesses were
repared. The high-magniﬁcation SEM image of MCM-NH2 shows
gglomerated structures with polyhedral particles mainly in the
ange of 200–500 nm (Fig. 2c and d).
Fig. 3 shows the TEM images of sheet-NH2 and MCM-NH2. The
heet-NH2 sample indicated sheet structure (Fig. 3a and b). In
ig. 3c, MCM-NH2 sample exhibits mesopores.
Supplementary Fig. S1 can be found, in the online version, at
oi:10.1016/j.jascer.2014.10.011.
To prepare the MPS  sheet, two organic surfactants (C16-l-Ala
nd P123) had a role in determining the structural morphology of
he sheet material. Because of this combination of templates, sheet
tructure silica material can be formed. The thickness of the sheet
epended on the molar ratio of P123. Phase separation is known to
ccur between the chiral surfactant (C16-l-Ala) and P123 triblock
opolymer [29,34,35]. The changes in micelle conformation and
hape are induced by C16-l-Ala, leading to chiral micelles [36]. We
Fig. 2. FE-SEM images of sheet-NH2 (a) ×10k, (b) N-Palmitoyl-l-alanine (C16-l-alanine), (b) Pluronic P123 (polyethylene glycol-block-
polypropylene glycol-block-polyethylene glycol), (c) tetraethoxysilane and (d) 3-
aminopropyltriethoxysilane.
suggest that these two surfactants provide bi-layer walls that con-
ﬁne the sheet morphology to produce channels. The TEOS:APTES
molar ratio was also an effective factor in determining the silica
morphology. The positively charged site of APTES interacts elec-
trostatically with the negatively charged head group of C16-l-Ala
[36]. APTES is co-condensed with TEOS, and the following reaction
forms the silica framework.
The mesoporous structure of the sheet-NH2 and MCM-NH2 sam-
ples were investigated using small-angle XRD (Fig. 4). No sharp
peaks were observed at 2 = 0.5–12 in the XRD patterns of the
×50k and MCM-NH2 (c) ×15k and (d) ×50k.
K. Nakanishi et al. / Journal of Asian Ceramic Societies 3 (2015) 70–76 73
Fig. 3. TEM image of sheet-NH2 (a) ×20k, 
Table 1
N2 physisorption parameters and zeta potential of sheet-NH2 and MCM-NH2.
Silica Pore size
(nm)a
Pore volume
(cm3 g−1)a
Surface area
(m2 g−1)a
Zeta potential
(mV)b
Sheet-NH2 3.1 0.73 189.9 9.15
MCM-NH2 2.7 0.39 364.6 16.59
a The Brunauer–Emmett–Teller (BET) surface area, pore volume and pore size dis-
tribution curves were obtained from the nitrogen adsorption–desorption isotherms
u
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NH stretching, respectively. Thus, the spectral data sheet-NH2 and
MCM-NH2 indicated the presence of amino groups derived from
APTES. We demonstrated that the MPS  sheets with NH2 surfacesing the Barret–Joyner–Halenda (BJH) method.
b The zeta potentials of MPSs (suspended in deionized water, pH 6.8) were deter-
ined by a zeta potential and particle size analyser (ELS-Z).
heet-NH2 and MCM-NH2 samples. This suggests that both mate-
ials have a disordered pore structure. Typically, MCM-41 exhibits
he 2D-hexagonal (p6mm) structure; however, the synthetic pro-
ess of MCM-NH2 using APTES as a silica source is inﬂuenced by
he silica crystalline phase [37].
The nitrogen adsorption–desorption isotherms of sheet-NH2
nd MCM-NH2 are shown in Fig. 5a. Each curve is indicative of
ype IV sorption isotherms, and sheet-NH2 and MCM-NH2 exhib-
ted type H4 and H1 hysteresis loops, respectively [38,39]. The
ore distributions of sheet-NH2 and MCM-NH2 are illustrated
n Fig. 5b. From Fig. 5b, sheet-NH2 sample indicated compar-
tively sharp peak. Thus, the sheet-NH2 suggests presence of
esopores. The textual properties derived from the BET and BJH
ethods are summarized in Table 1. The pore sizes of sheet-NH2
nd MCM-NH2 were 3.1 and 2.7 nm,  respectively. The pore vol-
mes of sheet-NH2 and MCM-NH2 were calculated to be 0.73 and
0
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Fig. 4. XRD patterns of sheet-NH2 (red) and MCM-NH2 (blue).(b) ×200k and (c) MCM-NH2 ×200k.
0.39 cm3 g−1, respectively, and the BET surface areas were 189.9
and 364.6 cm2 g−1, respectively.
Fig. 6 shows the FT-IR spectra of the samples. In the sheet-
cal sample (curve a), the MPS  sheet was  calcined at 500 ◦C for 4 h
to remove the template [28]. The FT-IR spectrum of the sheet-cal
exhibits a silanol group (SiOH) peak at 945 cm−1 and silica vibration
(SiOSi) peaks at 1075 and 985 cm−1. The FT-IR spectrum of sheet-
NH2 and MCM-NH2 (curves b and c) displays the silicate surface
peaks along with CH2 bending peaks at 1460 cm−1. In addition, the
FT-IR peaks at 2960 and 3300 cm−1 correspond to CH stretching andFig. 5. Nitrogen adsorption–desorption isotherms (a) and pore distributions (b) of
sheet-NH2 (black square) and MCM-NH2 (hollow diamond square).
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Fig. 6. FT-IR spectra of (a) sheet-cal, (b) sheet-NH2 and (c) MCM-NH2.
roups were prepared by the simple process of reﬂuxing with
thanol instead of calcination to remove the templates.
To analyse the amount of organic chain on the silica materials,
G–DTA curves were obtained (Fig. 7). The exothermic peaks of
heet-NH2 and MCM-NH2 occurred at 312 ◦C and 345 ◦C, respec-
ively. These peaks are attributed to surface organic chains (with
minopropyl group) in the DTA curve (data not shown). The
eight losses of the aminopropyl groups were estimated from
he TG curves of sheet-NH2 and MCM-NH2 as 0.7 × 10−3 and
.2 × 10−3 mmol/mg, respectively. These data indicate the presence
f a similar amount of organic chain on sheet-NH2 and MCM-NH2.
The zeta potential of the samples are given in Table 1; the zeta
otential of sheet-NH2 was  9.15 mV,  while that of MCM-NH2 was
6.59 mV.  Generally, MPS  is known to have a negative charge due
o its surface silanol group. However, the sheet-NH2 and MCM-NH2
xhibited positive charges derived from their amino groups [40,41].
rom these results, the surface functional mesoporous silica sheet
s prepared without any modiﬁcation.
.2. Zinc and copper ion adsorption
Fig. 8 shows the equilibrium isotherms for the adsorption
f zinc and copper ions by sheet-NH2 and MCM-NH2. The
heet-NH2 sample exhibited a much higher maximum adsorp-
ion (qMax) of zinc ion (0.22 mol/mg) compared to MCM-NH2
under 1.0 × 10−2mol/mg; Fig. 8a). Sheet-NH2 also showed a
igniﬁcant qMax value for copper ion (0.18 mol/mg; Fig. 8b).
he calcined MPS  sheet indicated a small amount of adsorption
−2<1.0 × 10 mol/mg) of metal ions (data not shown). Similar to
heet-cal, the silica beads showed a trace amount of metal ion
dsorption. Thus, the amino functional group on the material sur-
ace has a big inﬂuence on the adsorption of zinc and copper ions.
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Fig. 7. Thermogravimetry (TG) of sheet-NH2 and MCM-NH2.ion and (b) copper ion.
Moreover, the mesoporous structure was signiﬁcant for metal ion
adsorption. Despite the presence of amino groups, the MCM-NH2
sample adsorbed a much smaller amount of metal ions than sheet-
NH2. Expected mechanism of metal ion adsorption was illustrated
in Scheme 1. Most of the metal ions will bind to the surface NH2
group on the carrier materials. Sheet-NH2 has better adsorption
performance than MCM-NH2 because the metal ion binding site
is highly exposed. In a simulation study, the amino groups were
randomly oriented both inside and outside the silica matrix [42]. It
is possible that the adsorption site is more exposed in the porous
nano-sheet structure compared to the cylindrical structure MPS
(MCM type) due to its thinness. This result suggests that metal ions
bind more easily to the surface of sheet-NH2. Thus, the amino-
functionalized mesoporous nano-sheet structure was extremely
effective for metal ion adsorption.
3.3. Isotherm modelling
The sorption equilibrium data describe how adsorbents interact
with adsorbates and are important in the optimization of adsor-
bents. The Langmuir and Freundlich models are generally used to ﬁt
the experimental adsorption isotherm data. The Langmuir isotherm
model is based on monolayer adsorption with equal energy and
enthalpy for all adsorption sites. The equation is:
qe = qmkLC1 + kLC
where qe (mol/g) is the amount of metal ions adsorbed on the silica
materials at adsorption equilibrium, C (mol/L) is the equilibrium
metal ion concentration in the solution, kL (L/mol) is the Lang-
muir isotherm constant and qm (mol/g) is the amount of adsorbate
K. Nakanishi et al. / Journal of Asian Ceramic Societies 3 (2015) 70–76 75
Scheme 1. Expected mechanism of metal ion adsorption on sheet-NH2 and MCM-NH2.
Table 2
Langmuir and Freundlich constants of sheet-NH2.
Metal ion Langmuir Freundlich
qm kL R2 kF 1/n R2
0.99
0.98
a
m
T
c
q
w
t
a
F
l
T
s
3
o
c
f
pZinc 2.50 × 10−7 1.21 × 105
Copper 2.00 × 10−7 4.40 × 105
dsorbed per unit mass of adsorbate corresponding to complete
onolayer coverage. The linearized form can be given as follows:
C
qe
= C
qm
+ 1
qmkL
he values of qm and k can be calculated from the slope and inter-
ept of the linear plot of C/qe vs C.
The basic Freundlich equation is:
e = kFC1/n
here qe (mol/g) and C (mol/L) are deﬁned as above, kF (L/g) is
he Freundlich constant indicating adsorption capacity, and 1/n  is
 constant related to the sorption intensity. A linear form of the
reundlich equation can be expressed as follows:
n qe = ln kF +
1
n
ln C
he values of kF and 1/n were determined from the intercept and
lope the linear plot of ln qe vs ln C.
.4. Adsorption kinetics
In Table 2, the sorption data of sheet-NH2 were analysed in terms
f the Langmuir and Freundlich isotherm models. The Langmuir
onstants qm and kL were 2.50 × 10−7 mol/g and 1.21 × 105 L/mol
or zinc and 2.00 × 10−7 mol/g and 4.40 × 105 L/mol for cop-
er, respectively. The Freundlich constants kF and 1/n  were87 7.71 × 10−7 0.147 0.9389
34 1.47 × 10−6 0.211 0.7504
7.71 × 10−7 L/g and 0.147 for zinc and 1.47 × 10−6 L/g and 0.211
for copper, respectively. The correlation coefﬁcients of the Lang-
muir plot model were determined to be 0.9987 and 0.9834 for zinc
and copper, respectively, and those for the Freundlich plot model
were 0.9389 and 0.7504 for zinc and copper, respectively. The data
demonstrates that the Langmuir isotherm model gives a much bet-
ter ﬁt than the Freundlich isotherm model. Thus, the adsorption
of zinc and copper ions on the sheet-NH2 obeyed the Langmuir
isotherm model. In other words, the surface of sheet-NH2 may  be
typically homogeneous, and the metal ions adsorb via the surface
aminopropyl groups. The adsorption isotherms demonstrate that
the MCM-NH2 sample was not ﬁtted by the Langmuir or Freundlich
models.
4. Conclusions
MPS  sheet material sheet-NH2 was prepared by a dual-
templating process using N-palmitoyl-l-alanine and Pluronic P123.
These two surfactants had a role in determining the sheet structural
morphology of the material. The sheet silica framework was  formed
by two silica sources: TEOS and APTES. The FE-SEM and TEM results
indicated that the sheet silica material had a porous sheet structure
with a thickness of approximately 50 nm thickness and a width of
1–2 m.  FT-IR spectra and TG–DTA curves conﬁrmed the presence
of surface amino groups on the MPS  sheets. The pore size, pore vol-
ume  and BET surface area of sheet-NH2 were 3.1 nm, 0.73 cm3 g−1
and 189.9 cm2 g−1, respectively.
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For comparison with the sheet-NH2, conventional MCM-NH2
as prepared by a similar synthetic approach using TEOS and
PTES. The sheet-NH2 exhibited the highest maximum adsorp-
ion for zinc ion (qMax = 0.22 mol/mg) based on the equilibrium
sotherms. Sheet-NH2 also possessed a remarkably high qMax value
0.18 mol/mg) for copper ion adsorption. From the experimental
dsorption isotherm data, zinc and copper ion adsorption on the
onolayers of sheet-NH2 obeyed the Langmuir isotherm model.
We have demonstrated the improvement of amount of metal
on adsorption by functionalizing the surface of MPS sheets with
minopropyl groups (sheet-NH2). The mesoporous sheet structure
igniﬁcantly inﬂuences the adsorption capability by altering the
xposure of adsorption sites, and the surface aminopropyl groups
unction as adsorption sites due to their positive charges. Thus, we
ropose sheet-NH2 as a material for the enhancement of metal ion
dsorption. This material can be employed as a next-generation
dsorbent to remove various metals from wastewater.
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